To better identify melanoma patients who are, at the time of primary melanoma diagnosis, at high risk of developing brain metastases, primary melanoma characteristics were examined as risk factors for brain metastasis development. In a study of two patient cohorts, clinicopathological characteristics prospectively collected at primary cutaneous melanoma diagnosis for patients with/without brain metastasis were assessed in univariate and multivariate analyses using data from two prospectively collected databases: the Melanoma Cooperative Group (MCG) (1972)(1973)(1974)(1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982) and the Interdisciplinary Melanoma Cooperative Group (IMCG) (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009). Candidate risk factors were evaluated in association with time to brain metastasis using either the log-rank test or Cox proportional hazards regression analysis with/without considering competing risks. Out of 2341 total patients included in the study, 222 (9.5%) developed brain metastases (median follow-up: 98 months). The median time to brain metastases was 30.5 months and the median survival time after brain metastases was 4 months. Increased hazard ratios (HRs) for brain metastasis were found among thicker (logarithmic value in mm) (MCG: HR = 1.97, P < 0.0001; IMCG: HR = 1.31, P = 0.018), ulcerated (MCG: HR = 1.93, P = 0.01; IMCG: HR = 3.14, P < 0.0001), and advanced-stage (MCG: HR = 2.08, P = 0.008; IMCG: HR = 2.56, P = 0.0002) primary melanomas on the basis of multivariate Cox regression analysis assuming the presence of competing risks. Primary cutaneous melanoma thickness, ulceration, and stage were identified and validated as risk factors associated with time to melanoma brain metastasis.
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Introduction
Melanoma is the third most common cause of brain metastasis, surpassed only by lung and breast cancer [1] . Mortality rates of both lung and breast cancer have decreased [2] ; yet, there continues to be an increase in the melanoma death rate, with brain metastases contributing to half of all melanoma-related deaths [3] . The clinical presentation of melanoma brain metastasis differs from that of lung and breast cancer brain metastasis as there is a higher incidence of multiple intracranial lesions and a greater hemorrhagic tendency [4, 5] . Therefore, many melanoma patients with brain metastasis are not candidates for either surgical resection or stereotactic radiosurgery despite the potential survival benefits [6] . Even with optimal treatment, however, patients with melanoma brain metastasis have a median survival of only 3-6 months [7, 8] . It is therefore critical to identify primary melanoma patients at a high risk of progressing to brain metastasis early, preferably at the time of initial melanoma diagnosis.
Previous studies examining risk factors for melanoma brain metastasis development had various limitations. Studies, for example, that included melanoma brain metastasis patients treated predominantly by surgery may have resulted in selection bias, given that the best surgical candidates have limited intracranial involvement, controlled extracranial disease, and a good performance status. Differences in the time point: primary [7] [8] [9] [10] versus metastatic [11] melanoma diagnosis at which potential risk factors were evaluated may have also contributed to the divergent findings. Research carried out using population-based regional or national registries, in contrast, has the potential to produce more generalizable results; however, although demographic and primary melanoma characteristics are available, registries such as the Surveillance, Epidemiology, and End Results (SEER) program do not collect data on metastasis status nor metastatic sites following pathological diagnosis.
In this study of two patient cohorts, we attempted to minimize the limitations encountered by previous studies by identifying clinicopathological characteristics at initial melanoma diagnosis that are risk factors for brain metastasis development. We did so using multivariate survival models applied to prospectively collected, individual patient data from over 2000 cutaneous melanoma patients. In addition to evaluating the robustness of selected brain metastasis risk predictors, we also sought to test their discriminatory power in distinguishing short versus long time to brain metastasis from primary melanoma diagnosis.
Patients and methods

Study population and data
Our study cohorts comprised prospectively accrued, cutaneous melanoma patients at New York University Medical Center, enrolled in either the Melanoma Cooperative Group (MCG) (November 1972 to November 1982) [12] or the Interdisciplinary Melanoma Cooperative Group (IMCG) (August 2002 to December 2009) [13] . Eighteen patients were accrued at Bellevue Hospital, whereas the remaining patients were accrued at the NYU Clinical Cancer Center. MCG and IMCG patients were followed through October 1993 and December 2011, respectively. Informed consent was obtained from all patients at the time of enrollment.
Demographic and clinicopathologic information collected for all melanoma patients included age at pathological diagnosis, sex, primary tumor thickness (mm), ulceration status, mitosis (absent versus present), histotype, anatomic site, first recurrence date and site, presence and date of brain metastasis and extracranial visceral metastases, and disease/vital status at last follow-up. All patients were then restaged according to the 2009 American Joint Committee on Cancer (AJCC) guidelines [14] .
Statistical analyses
All patients from the two cohorts with informed consent were eligible and included in the statistical analysis. Continuous variables were summarized using median and range and compared across groups using the Wilcoxon-Mann-Whitney test, and categorical variables were summarized by counts and proportions and compared using the w 2 -test. Time to brain metastasis was calculated from the date of initial melanoma diagnosis. Each potential risk factor was evaluated in association with brain metastasis-free survival using either the log-rank test or Cox proportional hazards regression analysis. Categorical variables included sex, primary tumor ulceration status, mitosis: present versus absent, histologic subtype: nodular versus superficial spreading/other, anatomic site: head/neck versus other locations, and AJCC stage at pathological diagnosis: III/IV versus I/II. Continuous variables included age at initial melanoma diagnosis and primary tumor thickness (logarithmic of mm). All potential risk factors eligible to be included in the multivariate Cox proportional hazards model were evaluated and selected by minimizing Akaike's information criterion through a backward-forward selection. To evaluate the robustness of selected risk factors, the linear combination of model predictors weighted by regression coefficients in Cox models was used as a risk score for brain metastasis-free survival, defined as time to brain metastasis from primary melanoma diagnosis. An optimal cutoff point was selected to classify IMCG (discovery cohort) patient risk scores into low versus high groups, whereby the log-rank test statistic contrasting the two groups would be maximized [15, 16] . The regression coefficients for brain metastasis-free survival and the cutoff point both obtained from the IMCG cohort were used to separate MCG (validation cohort) patient risk scores into low versus high groups. Kaplan-Meier curves and the log-rank test were used to assess the differential brain metastasis-free survival profiles of the two groups.
Survival analysis was also carried out assuming the presence of competing risks, defined as deaths not related to melanoma brain metastasis. Cumulative incidence functions between groups stratified by each potential risk factor were compared using Gray's test [17] , which accounts for competing risks. Multivariate evaluation of risk factors was carried out using a semiparametric Cox proportional hazards model for the subdistribution proposed by Fine and Gray [18] . Statistical analyses were carried out using SAS (version 9.2; SAS Institute, Gary, North Carolina, USA) and R (version 2.13.1).
Results
The demographic and primary tumor characteristics of MCG and IMCG patients are presented in Table 1 , stratified by database and brain metastasis status. Brain metastasis patients similarly comprise 9% (90/1043) and 10% (132/1298) of patients in the MCG and IMCG cohorts, respectively, at last follow-up (MCG median 4261 days, IMCG median 1362 days). In the MCG dataset, 88 of 90 (97.8%) patients with brain metastasis and 128 of 153 (83.7%) patients with other metastasis died during the follow-up period. In the IMCG dataset, 121 of 132 (91.7%) patients with brain metastasis and 127 of 242 (52.5%) patients with other metastasis died during the follow-up period. In the two datasets, the median time to brain metastases was 30.5 months and the median survival time after brain metastases was 4 months.
The clinicopathological characteristics of primary melanoma patients who later developed brain metastasis were compared with those of patients who did not develop brain metastasis. There was no statistically significant difference in age at pathological diagnosis between patients with and without brain metastasis in either the MCG or the IMCG (P > 0.05). Brain metastasis patients in the MCG and IMCG, however, presented with thicker primary melanomas as compared with nonbrain metastasis patients in their respective cohort (P < 0.0001, P < 0.0001). In particular, 27% and 25% of MCG and IMCG brain metastasis patients had primary tumors greater than 4.00 mm in thickness, respectively. Only 9% and 8% of MCG and IMCG patients without brain metastasis, in contrast, had primary melanomas thicker than 4.00 mm. Ulceration was more frequently present in the primary tumors of patients who progressed to brain metastasis as compared with those who did not develop brain metastasis in the MCG and IMCG (P < 0.0001, P < 0.0001). Fifty-two percent of the brain metastasis patients in both the MCG and IMCG had ulcerated tumors, whereas ulceration was present in just 21% and 16% of the primary tumors in nonbrain metastasis patients from the MCG and IMCG, respectively. Statistically significant differences in AJCC stage at pathological diagnosis (P < 0.0001, P < 0.0001), primary tumor mitosis (P = 0.002, P < 0.0001), and histotype (P = 0.003, P < 0.0001) were also observed between patients with and without brain metastasis in both the MCG and the IMCG.
Univariate and multivariate Cox proportional hazards (PH) models were constructed using data from the MCG and IMCG. On univariate Cox PH analysis, primary tumor thickness (logarithmic value in mm), ulceration status, mitosis, histotype, anatomic site, and AJCC stage at pathological diagnosis were found to be statistically significant predictors for brain metastasis development among both MCG and IMCG patients ( Table 2 ). Multivariate analysis of MCG and IMCG data continued to support the strong association between progression to brain metastasis and primary tumor thickness (logarithmic value in mm), ulceration status, and AJCC stage at pathological diagnosis (Table 3 ). Increased hazard ratios (HRs) for brain metastasis development on multivariate analysis were observed for thicker (logarithmic thickness value) [MCG: HR = 2.22, 95% confidence interval (CI) 1.61-3.08, P < 0.0001; IMCG: HR = 1.40, 95% CI 1.11-1.76, P = 0.004], ulcerated (MCG: HR = 2.12, 95% CI 1.30-3.44, P = 0.002; IMCG: HR = 2.92, 95% CI 1.89-4.50, P < 0.0001), and advanced-stage (MCG: HR = 2.62, 95% CI 1.57-4.35, P = 0.002; IMCG: HR = 2.70, 95% CI 1.73-4.21, P < 0.0001) primary melanomas. Of note, primary tumors located on the head/neck were associated with a statistically significant increased risk of brain metastasis when compared with those on other locations among IMCG patients only (HR = 3.12, 95% CI 2.03-4.80, P < 0.0001). We further evaluated model robustness and predictive power through Kaplan-Meier analysis carried out using Table 1 Demographic and primary tumor characteristics of 2341 cutaneous melanoma patients stratified by NYU melanoma database and brain metastasis status MCG (1972 MCG ( -1982 cutoff scores obtained from the Cox analysis. Specifically, to evaluate the robustness of selected predictors in multivariate models and the discriminatory power in distinguishing short versus long brain metastasis-free survival on the basis of clinicopathological characteristics at primary melanoma diagnosis, the linear combination of model predictors weighted by regression coefficients was used as a risk score. Of note, brain metastasis-free survival was used as a time-to-event outcome measure. A high versus a low-risk score corresponds to a short versus a long time to brain metastasis, respectively, from the time of initial melanoma diagnosis. We used the IMCG as the discovery cohort and the MCG as the independent validation cohort. A cutoff point was first selected to divide IMCG patient risk scores into low and high groups such that the log-rank test statistic for time to brain metastasis between the two groups was maximized. The Kaplan-Meier curves in Fig. 1a showed a clear, marked separation and showed that the low-risk score group in the IMCG had longer brain metastasis-free survivals as compared with the high-risk score group (log-rank test, P < 0.0001). The risk score method was then applied to separate MCG patients (validation cohort) into high-risk and low-risk score groups using the same regression coefficients from the Cox model and the same cutoff value from the IMCG. The resultant Kaplan-Meier curves (Fig. 1b) were also distinctly separated, showing that the low-risk score group in the validation cohort had significantly longer time to brain metastasis when compared with the high-risk score group (P < 0.0001).
Cox regression analysis was also carried out incorporating potential competing risk, namely, death because of causes other than melanoma brain metastasis. On univariate analysis, most clinicopathological covariates remained strongly associated with brain metastasis development in the context of competing risks: logarithmic primary tumor thickness (MCG: HR = 2.81, 95% CI 2.2-3.58, P < 0.0001; IMCG: HR = 1.99, 95% CI 1.69-2.34, P < 0.0001), ulceration status: present versus absent (MCG: HR = 3.96, 95% CI 2.57-6.1, P < 0.0001; IMCG: HR = 5.00, 95% CI 3.4-7.36, P < 0.0001), mitosis: present versus absent (MCG: HR = 2.37, 95% CI 1.38-4.05, P = 0.002; IMCG: HR = 2.67, 95% CI 1.61-4.44, P = 0.0002), AJCC stage at initial melanoma diagnosis: III/IV versus I/II (MCG: HR = 4.63, 95% CI 2.94-7.29, P < 0.0001; IMCG: HR = 4.67, 95% CI 3.25-6.71, P < 0.0001), and histotype: nodular versus superficial spreading/other (MCG: HR = 2.74, 95% CI 1.62-4.64, P < 0.0001; IMCG: HR = 2.83, 95% CI 1.91-4.19, P < 0.0001) ( Table 2 ). IMCG data, furthermore, supported the association between primary tumor anatomic site and brain metastasis development, assuming the presence of competing risks ( Table 2) . On multivariate analysis assuming the presence of competing risks, thicker (logarithmic value) (MCG: HR = 1.97, 95% CI 1.47-2.65, P < 0.0001; IMCG: HR = 1.31, 95% CI 1.05-1.63, P = 0.018), ulcerated (MCG: HR = 1.93, 95% CI 1.16-3.21, P = 0.01; IMCG: HR = 3.14, 95% CI 2.02-4.89, P < 0.0001), and advanced-stage (MCG: HR = 2.08, 95% CI 1.21-3.58, P = 0.008; IMCG: HR = 2.56, 95% CI 1.57-4.19, P = 0.0002) primary melanomas were jointly associated with an increased risk of brain metastasis development (Table 3 ).
Discussion
Early identification of primary melanoma patients at an increased risk of brain metastasis is an ongoing prognostic challenge. Previous studies investigating melanoma brain metastasis risk factors have all had limitations inherent to their study design. To our knowledge, this is the first cohort-based study to both identify and validate melanoma brain metastasis risk factors with multivariate models using prospectively collected individual patient data from two independent cohorts of over 1000 primary melanoma patients each. On both univariate and multivariate analyses, we identified almost the same statistically significant risk factors from the two independent datasets. The multivariate models also yielded essentially the same significant risk factors (predictors) with or without considering competing risks. To further evaluate the robustness of selected predictors in the multivariate Cox models, we examined the utility of linear predictors of Cox models to discriminate short versus long time to brain metastasis on the basis of clinicopathological characteristics at primary melanoma diagnosis using the IMCG as a discovery cohort and the MCG as the independent validation cohort. Even though MCG patients with brain metastasis were diagnosed more than two decades earlier than IMCG patients, the linear predictor of the multivariate Cox model obtained from IMCG patients performed well in discriminating patients with short from those with long time to brain metastasis profiles in the MCG cohort. This indicates the robustness of the selected risk factors and the existence of discriminatory power of the multivariate Cox models that are based on clinicopathological characteristics present at initial melanoma diagnosis. Primary melanoma patients with high-risk scores for developing brain metastasis on the basis of demographic and primary tumor characteristics have worse brain metastasis-free survival. Kaplan-Meier estimates of brain metastasis-free survival for primary melanoma patients with low-risk versus high-risk scores for brain metastasis development by the Cox proportional hazards model in the (a) IMCG (discovery cohort) and (b) MCG (validation cohort). IMCG, Interdisciplinary Melanoma Cooperative Group; MCG, Melanoma Cooperative Group.
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Data from the IMCG but not the MCG supported the head/neck location as a risk factor for brain metastasis development when compared with other locations. A potential contributing factor is the temporal division between these two groups, the former including patients treated during the 2000s-2010s and the latter including patients treated during the 1970s-1990s. With the introduction of the sentinel lymph node biopsy in 1990, the standard of care for primary melanoma patients changed markedly. Patients who previously underwent a lymph node dissection were now selected to undergo a staging procedure associated with less morbidity. Sentinel lymph node biopsies in head and neck melanomas, however, have a false-negative rate of 30%, given the complexity of the lymphatic drainage patterns [19] , and subsequent management decisions in these cases are based on inaccurate staging results with the potential to negatively affect patient outcomes such as disease-free survival, overall survival, and even brain metastasisfree survival. Changes in the standard of care for primary melanoma patients may therefore have confounded our evaluation of the head/neck site as a risk factor for melanoma brain metastasis development.
Of the clinicopathological characteristics present at initial melanoma diagnosis, ulceration was shown to be a strong risk factor for brain metastasis development. Although ulceration status is correlated with primary tumor thickness and AJCC stage at pathological diagnosis, it remained statistically significant in multivariate models from both the MCG and IMCG that included primary tumor thickness, AJCC stage at pathological diagnosis, and primary tumor anatomic site as covariates. This suggests that, even though ulceration (as well as thickness) is partially factored into the AJCC staging, it remains an independent risk factor. Indeed, ulceration status also continued to be a significant predictor of brain metastasis development with similar HRs in multivariate Cox regression models with or without considering potential competing risks, and there is evidence to suggest that ulcerated primary melanomas have distinct biological implications [20] , especially for patients who present with tumors greater than 4 mm in thickness [21] . In a study of over 250 patients with thick (> 4 mm) melanomas, not only did patients with ulcerated primaries have a significantly worse 5-year overall survival rate compared with those with nonulcerated tumors (34 vs. 54%) but also this significant difference persisted after controlling for thickness, mitotic rate, histotype, vascular involvement, and lymph node status [21] .
Our study provides the foundation for a future, comprehensive brain metastasis-risk prediction assessment tool potentially incorporating baseline clinicopathological, molecular, genetic, and other predictors. Such a model would have major clinical significance in that it could help melanoma clinicians identify high-risk patients and plan treatment accordingly. In particular, efforts are currently underway to develop and test targeted therapies specifically for patients with brain metastases [22] and a risk assessment model that can be applied at the time of primary diagnosis would help identify patients in need of such targeted therapies in the adjuvant setting. Our study also suggests a use for future research in this area, such as studies that identify clinicopathological differences in brain metastasis and other organ metastasis patients at the time of primary diagnosis.
In summary, our results showed that primary cutaneous melanoma thickness, ulceration, and stage were independently associated with time to melanoma brain metastasis. These findings show that melanoma brain metastasis risk models can be constructed using primary tumor characteristics with certain power to discriminate patients with short versus long brain metastasis-free survival at the time of initial melanoma diagnosis.
